A selectable infiltrating large hollow core photonic band-gap fiber is fabricated with simple arc discharge technique. The offset, discharge duration, arc current and discharge times are optimized for selected sealing side air-holes but leave the central large air-hole partially open. The collapse length of the PCF is shortened by increasing the number of discharges and offset with discharge duration and arc current kept at a relatively low level. Light with the wavelength located at the photonic band-gap can still propagate while the central hollow air-hole is infiltrated with a kind of oil with refractive index of 1.30. The selectable infiltrating large hollow core photonic band-gap fiber has potential application for implementing novel lasers, sensors and tunable optoelectronic devices. 
Photonic crystal fibers (PCFs) have attracted strong interest due to such salient features as endless single-mode transmission, flexible chromatic dispersion, large mode area, high nonlinearity, etc. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Due to their flexible structures, PCFs have been used for a number of fiber-optic devicessuch as optical switches, wavelength converters, high-power fiber lasers, supercontinuum light sources, and gas sensors etc.-that are difficult to achieve using conventional fibers [19] [20] [21] . Another merit of PCFs is that they provide a platform for filling rare-earth ions, liquid crystal, gas or liquid solution into their hollow air holes .
The band-gap guiding mechanism is usually maintained when air-holes are filled with gases because the PCF's transverse refractive index distribution is almost unchanged. But the band-gap usually shifts substantially or disappears when liquid infiltrates into the air-holes because the PCF's refractive index distribution is changed. Therefore, in order to let liquid infiltrate into the hollow core but preserve the band-gap guiding mechanism, the side air-holes of the hollow core PCF have to be sealed. To our knowledge, there have been three methods to achieve the selective sealing and filling: (I) The central hollow core is filled by means of differential filling speed that depends on the size of the air holes [21] , but the UV curable polymer and a multi-step injection-cure-cleave process make this method complicated. (II) The side air-holes are sealed by splicing with a single-hole hollow-core fiber [22] . The matching single hollow core fiber and the accurate cleaving limits the usefulness of this method. (III) The side air-holes are collapsed with arc fusion technique [23] [24] [25] . The injection-cure-cleave process and the UV curable polymer renders this method impractical. So how to selectively seal the side air-holes and fill hollow core of PCF remains a major technical challenge.
In this paper, we used an improved Method III to seal the side air-holes of a large hollow core PCF. Multiple arc discharges are dispensed to compensate for the discharge energy decline due to the increased offset. The collapse length of the PCF is shortened by increasing the number of discharges and offset with the discharge duration and the arc current kept at relative low level. To verify the disposed PCF can be used for liquid infiltration, a kind of refractive index oil with index of 1.30 is filled into the hollow center air holes. In our experiment, light can propagate through the liquid filled PCF successfully with about 6.5 dB total loss.
Our experimental process consists of three steps.
Step 1: Sealing-the side air-holes of a large core PCF are sealed with the large central air-holes partially open;
Step 2: Infiltration-in order to demonstrate the photonic band-gap propagation mechanism, a kind of liquid refractive index oil with refractive index less than that of silica is infiltrated into the central hollow core of the PCF; Step 3: Measurementthe transmission characters of the liquid core PCF are measured. It is indicated that the guiding mechanism is photonic band-gap when light transmits through the liquid core PCF because the effective index of the core is less than that of the cladding.
1 Selected sealing the side air-holes 1.1 Sample Figure 1 shows the transverse scan electronic microscope (SEM) of HC19-1550-01 photonic band-gap fiber. Its center operating wavelength, attenuation at center operating wavelength, width of transmission band, fraction of light propagating in air, mode field diameter, numerical aperture and effective mode index are 1570 nm, less than 0.02 dB/m, more than 80 nm, more than 97%, 13 µm, 0.13 and 0.995, respectively. The core diameter, pitch, air filling fraction in the holey region, diameter of holey core region, diameter of silica cladding and coating diameter are almost 20 µm, 3.9 µm, larger than 90%, 73 µm, 115 µm, 200 µm, respectively. Figure 2 shows the schematic of the arc discharge. l is the offset and it is defined as the space from the axis of the two electrodes to the tip of the PCF. In our experiment, a Fujikura FSM-40s Arc Fusion Splicer is used. The arc current, discharge duration, offset and number of discharges are adjusted to seal the side air-holes. The key parameters of the ARC Fusion Splicer are listed in Table 1. A traditional single mode fiber (SMF) and a PCF sample are placed in the splicer, after auto adjustment; the SMF is removed before the start of the arc discharge; the end of the PCF sample is heated by an arc discharge without splicing with the SMF. The current density distribution [25] between two electrodes is 2 0 2 2
Sealing
The coordinates x, y, z are defined in Figure 2 . r 2 =x 2 +y 2 . I 0 is the total current, σ(z) is the Gaussian width of the current density at position z, and can be written as σ(z) = σ 0 (1+Cz 2 )
. σ 0 is the Gaussian width of the current density at the midpoint of the electrodes separation (z=0); C is a constant determined from the variation of the square of the current density in the z direction. The energy density changes with the square of the discharge current and discharge duration, and the temperature is proportional to the energy density. From eq. (1), the current decreases when the offset increases. When the temperature of heated fiber exceeds the softening point at around 1670°C, the surface tension will overcome the viscosity and cause the PCF's cylindrical air holes collapse. The collapse point is defined as the location at which the temperature reaches the softening point. The collapse length is defined as the space from the collapse point to the collapse tip of the PCF. The rate [21] of collapse is
where γ is the surface tension of silica, which is almost a constant. η is the viscosity of silica, which decreases sharply with increasing temperature, so the air holes collapse very quickly in the high temperature region. Eqs. (1) and (2) suggest that increasing offset can shorten the collapse length, and the decline of the discharge energy can be compensated by increasing the discharge times.
Infiltration process and measurement setup 2.1 Infiltration process
After both sides of the PCF are sealed, a kind of refractive index oil with refractive index of 1.30 is infiltrated into the central core of the PCF. We use a medical injector to accelerate the infiltration process. The experimental setup scheme and picture are shown in Figure 3 . One side of the PCF is dipped into the refractive index oil. The other side is incorporated into the injector. The port of the injector is sealed by an unguent, which can be easily removed from the PCF after the infiltration process. The piston of the injector is pulled to make the air pressure in the injector (one side of PCF) far lower than that in the refractive index oil (the other side of PCF). So the liquid infiltration process is accelerated beyond capillary action. Figure 4 shows the measurement setup. A DFB laser with center wavelength of 1550 nm and an EDFA are used as the light sources; a power meter and an optical spectra analyzer (OSA) with resolution of 0.01 nm are used as the detectors. In our experiment, the PCF incorporated into a bare fiber adaptor is connected to an SMF without splicing. Figure 5 shows the side picture of the sealed PCF (left) and SMF (right). The offset, arc duration and arc current are 40 µm, 500 ms and 15 mA, respectively. It can be seen from the figure that the side air-holes of the PCF are sealed perfectly with the central air-hole partially open, but almost no power is detected when the refractive index oil is infiltrated into the open core. The reason is that the collapse length is too long and the light power emitted from a SMF is not effectively coupled into the center core of the liquid filled PCF because of diffraction effect. In order to shorten the collapse length, the offset is increased. At the same time, the arc duration or arc current is enhanced so that the declined discharge energy is compensated. Figure 6 shows the side picture of the sealed PCF with different offsets, arc durations and arc currents. It can be seen that the collapse length is not shortened by increasing the offset when the discharge duration or arc current is increased. This results in the collapse point (Figure 2) shift to the right when the arc current increases, as can be seen from eq. (1). The soften point also will shift to the right when the discharge duration increases because of the thermal conduction.
Measurement setup

Results
In order to shorten the collapse length, we increase the number of discharges to compensate for the increased offset induced discharge energy decline but with the arc duration or arc current kept at a relatively low level. The fiber will get cold after each discharge. This avoids the collapse range extending due to the thermal conduction. Figure 7 shows the side picture for different number of discharges without changing the sealing arc duration and arc current. It can be seen from the figure that the side air-holes collapse when the number of discharges increases. All the side air-holes are closed when discharge time is 4; the SEM picture is shown in Figure 8 . Comparing Figure 7 (c) with Figure 6 (a), the collapse length decreases significantly simply by increasing the number of discharges with a lower arc duration and lower arc current. Figure 9 shows relative transmitted power varies with the different discharge times when offset, arc duration, arc current transmitting power are 120 µm, 1000 ms, 15 mA, respectively. P 0 is the original when 1-m PCF is directly connected with the laser and the power meter. P is the detected power when the side air-holes are selected sealed and the center hollow air-holes are filled with the refractive index oil. The corresponding optical spectra are plotted in Figure 10 . It can be seen from the figures that light successfully transmits 
Figure 10
The spectra of different discharge times with offset, arc duration, arc current of 120 µm, 1000 ms, 15 mA. through the liquid filled PCF. Because the refractive index of the core is smaller than the cladding, the photonic bandgap guiding mechanism is preserved. In our experiment, about 6.5 dB total loss is achieved.
Conclusions
The side air-holes of a large hollow core PCF are selectively sealed with the central air-hole partially open using arc discharge technique. The number of discharges and offset increase with the discharge duration, and arc current is kept at a relatively low level to shorten the collapse length of the PCF. The results provide a practical way of selectively sealing and filling the PCF with liquid for implementing novel lasers, sensors and tunable devices. 
